ABSTRACT The ingestion of particles by macrophages leads to the prompt induction of prostaglandin (PG) synthesis. We have now dissected the endocytic process and examined the requirements of prostaglandin E (PGE) synthesis for particle attachment, membrane interiorization, and phagosome-lysosome fusion. Macrophages that were loaded with the polyanion dextran sulfate and exhibited a greater than 99% inhibition of phagosome-lysosome fusion produced normal amounts of PGE upon challenge with zymosan. Inhibition of membrane interiorization with cytochalasin D was similarly ineffective in blocking PGE synthesis. The addition of large numbers of unmodified polystyrene latex beads, which were readily ingested by macrophages, failed to stimulate PGE synthesis. However, when macrophages were challenged with latex beads coated with immune complexes, an increased synthesis of PGE resulted. No response occurred if the complex was prepared with the F(ab')% fragment of IgG. Similar results occurred when nonphagocytizable Sephadex beads coated with immune complexes were employed. We conclude that particle binding to the Fc receptor of the macrophage plasma membrane is a sufficient stimulus for PGE synthesis.
Macrophages synthesize large amounts of prostaglandin (PG) from their endogenous stores of arachidonic acid (20:4) and release these into their environment (1) . The oxidation of 20:4 by mononuclear phagocytes requires a trigger, which can be supplied either by phagocytosis of particles, including zymosan and immune complexes, or by soluble agents, such as phorbol myristate acetate, that are thought to perturb the plasma membrane (2, 3) .
In a recent report (4) we presented evidence that prostaglandin E (PGE) synthesis by mouse peritoneal macrophages is tightly coupled to the phagocytic process, and that total production is associated with the number of particles ingested. It was not clear, however, whether all stages of the endocytic process were required. To examine this question in some detail, we have dissociated the ingestion of particles into three separate phases. The first represents particle attachment to the plasma membrane, through either specific or nonspecific receptors. This is followed by the interiorization of plasma membrane and its fusion to form the phagocytic vacuole. Finally, the phagosome migrates through the cytosol and fuses with preexisting lysosomes to form the phagolysosome or digestive body.
In this article we report on the requirements of PGE synthesis in macrophage cultures exposed to a numbler of different kinds of particles. Our results indicate that attachment of a particle to a specific membrane receptor is sufficient to trigger PGE synthesis, whereas neither membrane interiorization nor phagosome-lysosome fusion is required.
MATERIALS AND METHODS
Materials. [5,6,8,9,11,12,14,15- (5) . Dinitrophenol-modified bovine serum albumin (DNP-albumin), rabbit antibody directed against dinitrophenol (anti-DNP IgG), and the F(ab')2 fragments of anti-DNP IgG [anti-DNP F(ab')2] were the generous gift of J. C. Unkeless (6) . Sephadex beads (G-25) covalently modified by cyanogen bromide coupling of DNP-albumin (DNP-albumin-Sephadex) were also provided by Unkeless (6) .
Macrophage Cultures. Primary cultures of peritoneal macrophages were established from resident cells of female NCS mice weighing 25-30 g as described (7) . For measurements of PG synthesis, 6 X 106 peritoneal cells were added in ca-MEM containing 10% fetal calf serum to 35-mm-diameter plastic culture dishes. For determinations of phagocytosis and cell viabilities, 7 X 105 peritoneal cells were added to 12-mm-diameter glass coverslips placed in similar dishes. After 2 hr at 37°C in 5% CO2, the cultures were washed four times in ca-MEM to remove nonadherent cells and incubated overnight (16 (10) .
Phagosome-lysosome fusion was determined by fluorescence microscopy using acridine orange by the method of Hart and Young (11) . In this method, cells are pulsed for 20 Table 1 ). These data support the conclusion that phagosomelysosome fusion is not required for the stimulation of PGE synthesis. Thus, dextran sulfate-treated macrophages exhibited the same increase in PGE (-18-fold) after treatment with zymosan as control cells despite a nearly 100% inhibition of the fusion process. serum with or without dextran sulfate at 10 ,ug/ml. Medium was replaced each day. Cell viability, phagocytic index, and attachment index were assessed on day 4, using cells cultured on glass coverslips 1 hr after the addition of zymosan (160 ,ug/ml in a-MEM). For the study of PGE synthesis, cells in 35-mm dishes were labeled on day 3 with 0.5 ,uCi of [3HJ20:4 and incubated for 16 hr. They were then washed in a-MEM, and zymosan (160 1Ag/ml in a-MEM) was added.
After 1 hr of incubation, the medium was analyzed for PGE produc- Proc. Natl. Acad. Sci. USA 77 (1980) 4281 Role of Membrane Interiorization. Similar experiments were performed by using the drug cytochalasin D to assess the role of membrane interiorization in the stimulation of PGE synthesis. The viability, phagocytic index, and particle attachment index of macrophfages treated for 30 min with cytochalasin D at 1, 2, or 5 ug/ml are shown in Fig. 1 . Viability of cultures remained greater than 95% except at the highest drug concentration. Phagocytosis of zymosan was inhibited by 99% at all drug concentrations. Despite the fact that they were not ingested, large numbers of particles-were seen to be attached to the macrophage surface in cytochalasin D-treated cultures. Because the drug was equally effective at all three concentrations, 1 ug/ml was chosen for further studies.
After a zymosan challenge, macrophages that had been pretreated for 30 min with cytochalasin D at 1 Ag/nil exhibited the same increase in PGE synthesis as control cells (no drug). As shown in Fig. 1 , the kinetics of PGE release were similar in drug-treated and control cultures. Fig. 1 also shows that cytochalasin D treatment of cells had no effect on basal levels of PGE synthesis (no zymosan). Thus, macrophages were able to synthesize normal levels of PGE when challenged with zymosan in the absence of significant levels of phagocytosis. association with and uptake by macrophages but only a minimal production of PGE (72.3 b 19 dpm of PGE per gg of protein; Fig. 2A ). This finding was consistent with the prior studies of Humes et al. (1) and suggested that membrane interiorization initiated by phagocytosis of this hydrophobic particle was not a sufficient stimulus to induce PGE synthesis.
One of the major receptors on the macrophage surface recognizes the Fc domain of IgG and plays an important part in host defense mechanisms (13) . The Similar immune complexes were prepared on Sephadex beads (-5SOMum diameter), particles that are too large to be ingested by macrophages. The addition of DNP-albuminSephadex beads coated with anti-DNP F(ab')2 to macrophage monolayers gave only a small response in terms of PGE synthesis (116 + 11 dpm of PGE per jig of protein; controls (30.0 + 5.0 dpm of PGE per sg of protein, no particles), and exceeded levels obtained by using similarly prepared polystyrene latex beads. DISCUSSION Our results indicate that initiation of PGE synthesis in mouse peritoneal macrophages as the result of a phagocytic challenge can be effected entirely through the binding of ligands to specific cell surface receptors. Thus, inhibition of membrane interiorization and phagosome-lysosome fusion with cytochalasin D and dextran sulfate, respectively, were without effect on PGE release. It is of interest to note that extensive vesicle flow resulting from fluid phase pinocytosis is a steady-state property of resident macrophages (14) . However, in spite of this constant level of membrane interiorization and vesicle fusion, the basal level of PGE synthesis is low, providing additional evidence that these processes in themselves have no direct role in PGE production.
Our present information concerns the interaction of an immune complex bound on a particle surface, and the specific Fc receptor of the macrophage surface membrane. Both ingestible and noningestible beads coated with immune complexes promote PG synthesis. The role of other immunological receptors such as the receptor for complement component C3b (10) (16) , additional mechanisms for their transport and release are required. Although this would be a more complex system, the synthesis and release of one or more second messengers upon ligand binding to specific receptors is attractive in that it would explain the pleiotropic sequelae of the phagocytic process. Depending on the activation state of macrophages, these can include an increase in oxidative metabolism, release of highly reactive oxygen species, and the release of acid and neutral proteases (17) . The role of these possibilities or various combinations of the two in the initiation of macrophage PG synthesis can be examined by available experimental techniques.
Large numbers of macrophages are present in both immunologically specific and nonspecific inflammatory sites (18 
